arXi v:hep-ph/9502277vl 11 Feb 1995 


February 1, 2008 


Dual Ginzburg-Landau Theory for Quark Confinement 
and Dynamical Chiral-Symmetry Breaking* 


H. TOKI a,b,C , H. SUGANUMA a , S. SASAKI b AND H. ICHIE C 

a) The Institute of Physical and Chemical Research (RIKEN), 
Wako, Saitama 351-01, Japan 

b) Research Center for Nuclear Physics (RCNP), 

Osaka University, Ibaraki, Osaka 567, Japan 

c) Department of Physics, Tokyo Metropolitan University, 
Hachiohji, Tokyo 192, Japan 


ABSTRACT 

Nonperturbative features of QCD are studied using the dual Ginzburg-Landau 
(DGL) theory with QCD-monopoles. The linear quark potential appears in the 
QCD-monopole condensed vacuum. We find that QCD-monopole condensation 
plays an essential role to the dynamical chiral-symmetry breaking. We also inves¬ 
tigate the QCD phase transition at finite temperature in the DGL theory. 
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1. Introduction 


The asymptotic freedom of QCD enables us to use the perturbative QCD 
calculation in the ultraviolet region as the deep inelastic scattering, but it leads 
to a strong coupling system in the infrared region of the hadron physics. This 
strong interaction provides color confinement and also dynamical chiral-symmetry 
breaking (DySB) as the nonperturbative features of QCD. In particular, color 
confinement is one of the most unique features of the nonperturbative QCD, and 
therefore the understanding of the confinement mechanism is the central issue for 
the hadron physics. The DySB is also an important feature in the nonperturbative 
QCD. Although recent lattice QCD studies support a close relation between color 
confinement and DySB, no clear physical interpretation has been presented yet. 
In this paper, we investigate these nonperturbative properties of QCD in terms of 
the dual Ginzburg-Landau theory [1,2], an infrared effective gauge theory of QCD 
based on the dual Higgs mechanism. 

2. Dual Ginzburg-Landau Theory 

In 1981, ’t Hooft presented an interesting fact that a non-abelian gauge theory 
reduces to an abelian gauge theory with color-magnetic monopoles by the abelian 
gauge fixing [3]. The appearance of these color-magnetic monopoles in QCD, called 
as QCD-monopoles, would be important for the confinement mechanism, because 
the quark confinement can be interpreted by condensation of such monopoles as 
shown below. Since QCD-monopoles behave as singularities of vector potential A^, 
we cannot introduce A^ in the standard way. Instead, we can formulate the gauge 
theory without singularity following Zwanziger [4] by introducing the dual gauge 
held Bn, which satisfies d^B u — d u B^ = *F^ V . In this formalism, the duality of the 
gauge theory becomes manifest. The QCD-monopole current couples with the 
dual gauge held as k^B^ in the similar way as the ordinary color-electric current, 
j^A^. The self-interaction among QCD-monopoles is introduced to realize QCD- 
monopole condensation, which is strongly supported by the recent studies based 
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on the lattice QCD [5]. 

The Lagrangian of the dual Ginzburg-Landau theory (DGL) is given as [1,2] 

£dgl = “ ^2 t n '( d A A)] u [n •* (d A B)] v + ^2 [n • (9 A B)\ v [n •* (d A A)] v 

~ ^ 2 [w ' (<9 A A)] 2 - ^[n • (d A H)] 2 + q(i$ -e#-H- m)q ^ 
3 

+ y^[|(^M - S'G* • B^Xal 2 - A(|xa | 2 - v 2 ) 2 ] 

a=l 

with Av = (A%, A%), B M = (B%,B£) and H — (T 3 , Tg). Here, g is the unit magnetic 
charge obeying the Dirac condition eg = 47 t, and e a denotes the relative magnetic 
charge of the QCD-monopole field \ a (a=l,2,3). The dual Meissner effect is caused 
by QCD-monopole condensation due to the self-interaction of \a in the case v 2 > 0. 
It provides the mass of the dual gauge held B^. In the QCD-monopole condensed 
vacuum, the DGL Lagrangian becomes 

£mF = ' (9 A '* (<9 A + i [n ' (<9 A '* (<9 A ^ 

1 ^ 1 ^ ^ 1 ^ 

— —^\n ■ (d A A)} 2 — 2 [n • (d A B)] 2 + q(itf — eJ]L - H — m)q + -rn 2 B B 2 

with m B = \/3 gv. The QCD-monopole also becomes massive as m x = 2V\v. 
Similar to the Higgs mechanism in the superconductivity, the color-electric held 
is then excluded in the QCD vacuum through the dual Meissner effect, and is 
squeezed between color sources to form the hadron hux tube. 

3. Quark Confinement Potential 

We investigate the quark confinement in terms of the linear inter-quark po¬ 
tential, which is supported by the lattice QCD in the quenched approximation. 
By integrating over A^ and B^ in the partition functional of the DGL theory, the 
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current-current correlation is obtained as 


Cj = (3) 

with the nonperturbative gluon propagator, 

ZV = + («e. - 1)^} - < 4 > 


in the Lorentz gauge. Putting a static quark with color charge Q at x = a and a 
static antiquark with color charge — Q at x = b, the quark current is written as 
jfj,(x) = Qg^o{5 3 (x — b) — <5 3 (x — a)}. We finally obtain the inter-quark potential 
including the Yukawa and linear terms, 


t r, x Q e 

V{r) = ~4tt~ 


2 c —niBr 


where r = |r| = |b — a| is the relative distance. Here, we have identified n//r, 
which is also used in the similar context of the dual string theory [6], because of 
the axial symmetry of the system and the energy minimum condition. Otherwise, 
the energy of the system diverges. It should be noted that the expression for the 
string tension, the coefficient of the linear potential, agrees with the one for the 
energy per length of the vortex in the type-II superconductor. 

We compare the static potential with the phenomenological one, for example, 
the Cornell potential. We get a good agreement as shown in Fig.l with the choice 
of e = 5.5, ms — 0.5GeV and m x = 1.26GeV corresponding to A = 25 and 
v = 126MeV, which provide A;=1.0GeV/fm for the string tension and the radius of 
the hadron flux as = 0.4fm. 


4. Dynamical Chiral-Symmetry Breaking 
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The dynamical chiral-symmetry breaking (DySB) is also important for the 
hadron properties as well as color confinement. We discuss here the DySB in terms 
of the mass generation of light quarks in the QCD-monopole condensed vacuum 
[1,7]. We formulate the Schwinger-Dyson (SD) equation for massless quark as 

Sq l {p)=i> + j -^^Q 2 ^S q (k)YD s ^(k-p), ( 6 ) 

where we assume the quark propagator S q (jp) as S q (p ) -1 = j> — M(—p 2 ) + irj. In 
the presence of light quarks, there appears the screening effect in the long distance 
of the linear potential corresponding to the cut of the hadron flux tube by the 
light-quark pair creation. Hence, we introduce the corresponding infrared cutoff a 
in the gluon propagator by the replacement, -> ^ n . k ^ 2 +a 2 [!]• 

Taking the trace and making the Wick rotation in the /co-plane, we obtain the 
SD equation in the Euclidean metric, 

M ^rfwv^wfww) Df “ (k - p) ’ (7) 


where the gluon propagator including the screening effect is given as 


qrm = 


(n ■ k) 2 + a 2 k 2 k 2 + 


{k 2 — (n ■ k ) 2 } + 


3 T ctf 


in the Lorentz gauge. After performing the angular integral, we obtain the final 
expression for the SD equation, 



| ( 1 +<*e)k 2 1 f dk 1 

ma x(k 2 ,p 2 ) np T J n k 2 + a 2 

—k 


x [(ml - a 2 ) ln{ g±(h±PT±4 } + a 2 ln{ g + (4+Px) 2 }1 
k 2 + (k T — p T ) 2 + m 2 B k 2 + (k T — p T ) 2 


with k n = k n — p n and k T = ( k 2 — k 2 ) 1 / 2 . 
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In solving the SD equation, we use the Higashijima-Miransky ansatz with a 
hybrid type of the running coupling constant, 


e = e(max{p 2 , A; 2 }), e 2 (p 2 ) 


A8tt 2 (N c + 1) 

(HA^c — 2Nj) ln{(p 2 + Pc)/Aq CD }' 


( 10 ) 


Here, p c is dehned as p c = AQCDexp[^|?- • njy c + 2 N f ] w ^h e = e(0). This ansatz 
naturally connects to the asymptotic freedom of the running coupling at large 
momentum. The coupling constant at low energy, e(p 2 ~ 0) ~ e, controls the 
strength of the linear confinement potential. 

Fig.2 shows the quark mass function M(p 2 ) with e=5.5 and a = 80MeV. The 
QCD scale parameter is set to a realistic value Aqcd = 200MeV. In order to see 
the effect of QCD-monopole condensation, we vary the mass of the dual gauge 
held, niB- There is no non-trivial solution for the case with small < 300MeV. 
A non-trivial solution is barely obtained at rriB — 300MeV, and M(jp 2 ) increases 
rapidly with ms as shown in Fig.2. Hence, QCD-monopole condensation provides 
a crucial contribution to DySB. 


Taking the value for the mass of the dual gauge held as rug = 0.5GeV extracted 
from the linear potential, we get the result for M(jp 2 ) as shown in Fig.3. The 
quark mass function M(p 2 ) in the space-like region is directly obtained from the 
SD equation. We extrapolate M(p 2 ) into the time-like region using a polynomial 
function as a simulation of the analytic continuation. This curve does not cross 
the on-shell condition M 2 {jp 2 ) + p 2 = 0 (p^\ Euclidean momentum) and hence the 
quark propagator does not have a physical pole. This may indicate the light-quark 
confinement. 


We calculate the several quantities related to DySB from the solution of the 
SD equation. The constituent quark mass in the infrared region is found to be 
M(0)=348MeV. The quark condensate is obtained as ( qq) = —(229MeV) 3 . The 
pion decay constant is also calculated as / 7r =83.6MeV using the Pagels-Stoker 
formula [9]. These values are to be compared with the standard values; M(0)=350 
MeV, (qq) = —(225 ± 50MeV) 3 and f n = 93MeV. 
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5. QCD Phase Transition at Finite Temperature 


The DGL theory is now able to describe many interesting quantities. Here, 
we study the change of the QCD vacuum at finite temperature [10] in terms of 
QCD-monopole condensation. To concentrate on the confinement properties, we 
consider the pure gauge case, where the quark degrees of freedom are frozen. In this 
case, we can drop the quark term in the DGL Lagrangian and perform integration 
over the gauge held A^. Hence, we obtain the partition functional as 


Z[J]= / Vxa'DB^ex p 



^{^DGL 


a=l 


(ii) 


where £dgl has a simple form, 


£dgl = - dvB^) 2 + ^T[\(idf, - gea • B^)x a \ 2 ~ K\Xa\ 2 - v 2 ) 2 ]. (12) 

a=l 


Here, we have introduced the quadratic source term instead of the linear source 
term, which is commonly used. Such an introduction of the quadratic source term 
is quite powerful for the formulation of the effective potential, especially in the 
negative-curvature region of the classical potential, where the use of the linear 
source term does not work well. 

The effective potential at finite temperature, which physically corresponds to 
the thermodynamical potential, is then obtained as 

00 

H eff (y;T) = 3A(y 2 - u 2 ) 2 + 3 J J dkk 2 In (l _ e -V* 2 +^/ r ) 

0 

oo 

+ ~ j dkk 2 hi(l-e~^ fc2+m */ T ). 

o 



Here, the masses of the QCD-monopole and the dual gauge held depend on the 
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QCD-monopole condensate y, 


m l(x) = 2A(3y 2 - v 2 ) + J{x) = 4Ay 2 , m%(x) = 3£ 2 y 2 . (14) 


We provide the calculated results on the effective potential in Fig.4. At T = 0, 
one minimum appears at a finite y, which corresponds to the condensed phase 
of QCD-monopoles. As the temperature increases, the minimum moves toward a 
small x value, and the second minimum appears at y — 0 above the lower critical 
temperature T\ ow ~ 0.39GeV. The potential values at the two minima become equal 
at T c ~ 0.49GeV, which corresponds to the thermodynamical critical temperature 
for the QCD phase transition. In this case, it is of first order. Then the trivial 
vacuum stays as the absolute minimum above the critical temperature. When light 
dynamical quarks are included, we also expect the chiral-symmetry restoration as 
well as the deconfinement phase transition at this critical temperature, because 
QCD-monopole condensation is essential for DySB as demonstrated in the previous 
sections. 

Since the critical temperature seems too high in the above discussion, we con¬ 
sider the temperature dependence of the monopole coupling constant A. This is 
very probable because the interaction among QCD-monopoles is weakened at finite 
temperature due to the asymptotic free behavior of QCD. Hence, we examine a 
simple case where A decreases linearly with T, 


A (T) 


A 


T c - aT 
T c 



(15) 


where a constant a = 0.96 is chosen so as to satisfy T c = 0.2GeV. We find in 
this case also a weak first order phase transition. Here, we are able to compare 
with the numerical results with the pure-gauge lattice QCD on the string tension 
k(T) [11], The lattice QCD results are shown by black dots below the critical 
temperature in Fig.5, while the results for the variable A(T) go through the dots. 
We also find that the masses of glueballs (QCD-monopoles, the dual gauge fields) 



drop largely toward T c with T from those of order of 1 GeV at zero temperature. 
It would be very interesting to check this phenomena by the lattice QCD and also 
by experiment. 

6. Summary 

We have studied the dual Ginzburg-Landau (DGL) theory as the effective 
theory of QCD. QCD is reduced to an abelian gauge theory with QCD-monopoles 
in’t Hooft’s abelian gauge. According to QCD-monopoles condensation, the dual 
Higgs mechanism works as the mass generation of the dual gauge field. We have 
derived the static inter-quark potential in the DGL theory. In the QCD-monopole 
condensed vacuum, there appears the linear potential responsible for the quark 
confinement. 

We have also studied the dynamical chiral-symmetry breaking (DySB) in the 
DGL theory. We find an essential role of QCD-monopole condensation to DySB. 
With the parameters extracted from the quark confining potential, we obtain rea¬ 
sonable values for the constituent quark mass M(p = 0)=348MeV, the quark 
condensate (qq) = —(229MeV) 3 and the pion decay constant / 7r =83.6MeV. 

The DGL theory predicts the existence of an axial-vector particle /i /( and 
the scalar QCD-monopole Xa with masses of ms ~ 0.5GeV and m x ~ 1.5GeV 
with admittedly a large error of about lGeV. It would be important to look for 
these particles in the hadron spectra. Theoretically, we are investigating the decay 
properties of these particles. 

We have discussed also the properties of the QCD vacuum at finite temperature 
in terms of the DGL theory. We find a first order deconfinement phase transition in 
the pure gauge case. We are now making an effort to introduce dynamical quarks 
in the discussion of the QCD phase transition. 
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Figure Captions 


Fig. 1. The static quark potential V(r) in the dual Ginzburg-Landau theory. The 
dashed curve denotes the Cornell potential. 

Fig.2. The dynamical quark mass M(jp 2 ) as a function of the Euclidean momentum 
squared p 2 for ms= 300, 400 and 500 MeV. 

Fig. 3. The dynamical quark mass squared M 2 (p 2 ) as a function of p 2 . The dotted 
straight line denotes the on-shell state. 

Fig A. The effective potentials at various temperatures as functions of the QCD- 
monopole condensate y. The crosses denote their minima. 

Fig. 5. The string tensions k(T) as functions of the temperature T for a constant A 
and a variable A(T). The lattice QCD results in the pure gauge are shown 
by black dots. 
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